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The scroll expander has been widely studied in various energy systems for power generation and refrig-
eration. An experimental study of a scroll expander is carried out to examine its performance. Meanwhile,
a quasi-dimensional numerical modelling is presented for simulating the working process of a scroll
expander, which is verified by the experimental results. The numerical model is then used to simulate
the internal flow parameters to get a full understanding of working characteristics of the expander. An
optimization analysis is further conducted to examine the effect of major parameters, such as working
pressure ratio, air inlet temperature, clearance size and scroll vane height to pitch ratio. The results indi-
cate that there is an optimal pressure ratio for a scroll expander, which is between 3 and 4 for the studied
expander. The change of the air inlet temperature does not affect the power generation. However, the
expander volumetric and isentropic efficiencies decrease along with the increment of the inlet tempera-
ture. The clearance and vane height to scroll pitch ratio also have significant impacts on the expander
working performance. The efficiency and power output of the expander should be both considered when
determining expander parameters of working pressure ratio, clearance size and scroll vane height to
pitch ratio for designing a scroll expander.
 2016 Elsevier Ltd. All rights reserved.1. Introduction
Scroll expander is a volumetric machine which has a wide
working range in terms of its working pressure, rotational speed
and power output. It could extract mechanical power from various
gas including organic gas, compressed air etc. to generate power. It
has advantages of few moving parts, little vibration, low noise and
simple structure. Moreover, the scroll machine of compressor is a
well acknowledged technology that has been extensively applied
in refrigeration and air-conditioning industry [1–3].The scroll expander is broadly exploited in the studies of low
carbon cycles, such as Organic Rankine Cycle (ORC), refrigeration
cycle, CO2 cycle, small scale Compressed Air Energy Storage system
(CAES) [4–9]. As indicated in Ref. [3], the scroll expander rather
than turbine expanders was more suitable for small-scale power
units. The prototypes include hermetic scroll expander, semi-
hermetic scroll expander, open-drive expander and some novel
types. Its pressure ratio was from 1.25 to 10 generally, rotation
speed was from 250 rpm to 5000 rpm, shaft power was from sev-
eral hundreds watts to 10 kW and efficiency was from 10% to
80%. A scroll expander was considered as a power generation
device in a bottoming ORC for a small gas turbine (100 kW) in
Nomenclature
CAES compressed air energy storage
ORC organic Rankine cycle
a radius of the basic circle (m)
A flow area (m2)
C clearance of the leakage section (m)
cp constant pressure specific heat (J kg1 K1)
cv constant volume specific heat (J kg1 K1
D characteristic size (m)
hD specific enthalpy of the air at the back pressure of pa
(J kg1)
Hs height of the scroll vanes (m)
k ratio of cp and cv
K heat transfer coefficient
La,j leakage length from jth to (j + 1)th chamber (m)
m air mass in the chamber (kg)
mh inlet air quality (kg)
n rotation speed (rpm)
N scroll rotate number
Pt scroll pitch (m)
p pressure (Pa)
Pr Prandtl number
Pair ideal power generation of the compressed air (W)
Pa ambience pressure (Pa)
Ph inlet pressure (Pa)
Px expansion end pressure (Pa)
PW power output (W)
qmi the ideal mass flow (kg s1)
r distance of the basic circles’ centers (m)
R gas constant (J kg1 k1)
S heat transfer area in radial direction (m2)
t thickness of the scroll vane (m)
T temperature (K)
U internal energy of the gas flow (J)
u specific internal energy of the control mass (J kg1)
uB specific internal energy of the inlet air (J kg1)
uC specific internal energy of the air after expansion
(J kg1)
V chamber volume (m3)
Greek
a heat convection coefficient
c initial angle of the involute (rad)
e designed pressure ratio
e⁄ real pressure ratio
gm mechanical efficiency
gv volumetric efficiency
h shaft angle (rad)
hs starting angle of the expansion process (rad)
hd ending angle of the expansion process (rad)
k heat conductivity (Wm1 k1)
m dynamic viscosity (N s(m2)1)
w the flow function
x ration angle speed (rad s1)
Subscripts
j stands for the jth chamber
a radial leakage (m)
r flank leakage (m)
i element time of the calculation
348 X. Zhang et al. / Applied Energy 186 (2017) 347–358Ref. [10]. The scroll machines could represent a valid alternative to
turbines for cycles fed by refrigerants such as R245fa, isopentane
or isobutene. A scroll expander engaged in the heat recovery from
an internal combustion engine could improve the total power out-
put from 18 kW to 19 kW theoretically with two cases’ study and
the efficiency would increase from 33.7% to 35.6%. This had to be
regarded as an interesting value, because of the small scale of the
engine [5]. Zhou et al. conducted an ORC experimental study of a
heat recovery system from low-temperature flue gas (90–220 C).
A scroll expander was used to produce work with the working fluid
of R123. Through the scroll expander, a net output power of 645W
was obtained, and the cycle efficiency and heat recovery efficiency
were 8.5% and 22%, respectively [11]. When the scroll expander
was applied in a solar system, it was capable to produce 1 kW elec-
tric power and about 10 kW heat utilizing a solar thermal collector
of about 20 m2 [5]. An experimental study of ORC based on scroll
expander was carried out by Quoilin [12]. Its optimal results show
that the systematic efficiency could be increased from 5.1% to 9.9%.
A novel combination of the chemisorption cycle and the scroll
expander for refrigeration and power cogeneration was for the first
time investigated with numerical simulation model in Ref. [13].
The results showed that the expander power output could reach
1 kW theoretically under operating conditions of 170 C inlet tem-
perature and 0.01 kg/s flow rate of the ammonia vapour. The
expander efficiency could be as high as 74%. It also indicated that
this system potentially addressed all the energy, environmental
and economic issues which had been encountered by the conven-
tional refrigeration and power generation technologies [13]. Sun
et al. [14] proposed an integration of a wind turbine system and
a CAES system at a few kWs scale, in which the scroll expander
is utilized as the power generation device. A complete dynamicmathematical model of the hybrid system was developed, and a
prototype system was built and installed in the research lab for
verifying the design idea. The system test results indicated that
the efficiency can be up to 55% under a well-controlled operation
condition. The findings have provided essential evidences and
information for the next stage of research which will lead to the
hybrid system with improved efficiency and reliability [14].
Researchers have also developed theoretical modelling for predict-
ing and improving the scroll machine’s performance. Mathematical
models using thermodynamic laws were developed, which were
derived with the different specific involute initial angles based
on a scroll compressor. The model’s main outputs were the mass
flow rate, the discharge temperature and the compression work
input [15,16]. Wang et al. [17] developed a general geometrical
model based on discretional involute initial angles. This model
was not restricted by involute initial angle and includes all the suc-
tion, compression and discharge periods in a subsection function
manner, which provided a base for simulation of the scroll com-
pressor and dynamic visualization of the work process of the scroll
compressor [17]. As the leakage was one of the key factors influ-
encing the scroll machine working process, an isentropic com-
pressible nozzle flow model was commonly adopted to simulate
both flank and radial leakage flows [3,18]. Empirical and semi-
empirical models were also developed based on the experimental
results. The eight parameters of the semi-empirical simulation
model of the expander have been identified. The model, with its
parameters identified, predicted the mass flow rate, the shaft
power and the exhaust temperature with a good accuracy [2].
Computational Fluid Dynamics (CFD) has been applied for the sim-
ulation of the scroll machine [19] by using dynamic mesh, which
could offer a visual understanding of the inner flow characteristics.
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Fig. 2. Schematic diagram of the scrolls and its gas leakages inside the expander.
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interaction) and multiphase flow.
Although much attention has been paid to the scroll expander,
the previous work is mainly focused on its application such as the
ORC and its entire performance such as power output, expander
and cycle efficiencies. Rare research could be found on the study
of its own performance under various conditions of rotation speed,
pressure ratio, inlet temperature and structure geometries. In this
study, both experimental and numerical work is presented. The
experimental setup is constructed and one scroll expander is
tested. A numerical model is developed to investigate the scroll
expander in details, which is validated by the experimental results.
Thereafter, the performance analysis and optimization are con-
ducted for evaluating the effect of pressure ratio, air inlet temper-
ature, clearance size and its vane height to scroll pitch ratio.Scroll pitch
Pt
Basic circle
Radius=a
Scroll thickness
t2. Scroll expander
Fig. 1 shows a three-dimensional (3-D) diagram of a scroll
expander. It consists of two identical spiral elements – a fixed
scroll and an orbiting scroll which are assembled at a relative angle
of 180. The scroll expander profile is a circle involute. The working
process of scroll expander includes three processes: suction,
expansion and discharge. The expander operational cycle can be
explained as shown in Fig. 2: (i) the pressurized air enters the scroll
center, (ii) this high pressure air pushes the scroll vanes and drives
the orbiting scroll move around the center, (iii) the air expands
from the center to the outer chambers, and (iv) finally, the air is
discharged through the exhaust port. The torque is generated
though the orbiting scroll movement.
Fig. 3 shows the basic parameters of circle involute that estab-
lish the scroll expander, which are elaborated in Table 1.
As the flow with high pressure enters the scroll expander, the
main flow expands directly to a larger volume. Meanwhile, some
flow leaks from the center to the adjacent chambers because of
the pressure difference, which occurs in two ways, flank leakage
and radial leakage as shown in Fig. 2.Hs
Fig. 3. Geometric parameters of a scroll expander.3. Methodology
A scroll expander is designed and tested. While a quasi-
dimensional model is developed to simulate the working process
of the scroll expander. The expansion chamber is considered as
the control volume to calculate the gas flow feature. The experi-
mental results are used to validate the accuracy of the mathematic
model. Furthermore, a detailed optimization analysis is carried out
in this paper.Fig. 1. Scroll expande3.1. Experimental system
The scroll expander test system is assembled to examine its
performance and to validate the simulation model as mentionedr and its scrolls.
Fig. 4. Schematic diagram of the scroll expander experimental setup.
Fig. 5. Experimental setup.
Table 1
Basic parameters of the scroll expander.
Radius of the basic circle, a Scroll rotate number, N
Height of the scroll vanes, Hs Starting angle of the expansion process, hs
Scroll pitch, Pt = 2pa Ending angle of the expansion process,
hd = 2p(N  1)
Initial angle of the involute, c Distance of the basic circles’ centers, r
Thickness of the scroll vane,
t = 2ca
350 X. Zhang et al. / Applied Energy 186 (2017) 347–358below. As shown in Fig. 4, the setup consists of a high pressure air
source, a switch valve, a solenoid valve, a regulator valve, the test-
ing expander, an electric eddy current dynamometer (torque – TQ,
speed – Nse), a flowmeter (FR) and some pressure and temperature
sensors (T, P). Fig. 5 displays the image of the experimental setup.
The regulator valve could adjust the inlet air pressure. And the
dynamometer is utilized to absorb the shaft power produced by
the expander, it could also control the rotation speed by adjusting
the excitation current of the dynamometer. The accuracies of the
temperature sensors, pressure sensors, flow meter, rotation speed
and torque are ±0.1 K, ±0.5% full scale, ±1% full scale, ±1 rpm and
±0.3% full scale as shown in Table 2. The isentropic efficiency isTable 2
Accuracy of the measurement system.
Measured
parameters
Facility/sensor Accuracy
Temperature PT100 thermal resistance detector ±0.1 K
Pressure Huba pressure transducer ±0.3%
Air mass flow Yokagawa vortex flow meter ±1%
Rotation speed Chengbang DW25 electric eddy
dynamometer
±1 rpm
Torque ±0.3%
Isentropic efficiency 0.56%calculated by the measured pressure, temperature, flowrate and
shaft power. And its accuracy is 0.56% which is calculated based
on the variance analysis method.
During the experiment, the dynamometer is switched on and
the rotation speed is set to be a certain value. The switch valve is
opened and the solenoid valve is switched on. By adjusting the reg-
ulator, the compressed air from the cylinder is released to the
scroll expander with a required pressure. All measured parameters
from the on-site sensors are acquired by the data acquisition sys-
tem (DAQ). When finishing the experiment, the switch valve is
closed, then switching off the electricity supply to solenoid,
dynamometer and DAQ. The regulator is closed at last.
3.2. Thermodynamic modelling of the scroll expander
3.2.1. Volumetric equations
The working chamber volume is both determined by fixed and
orbiting scrolls’ profiles. The chamber volume could be calculated
by the following equation [8].
V ¼ pPtðPt  2tÞHs 1þ hp
 
ð1Þ
where V is the chamber volume, Pt the scroll pitch, t thickness of the
scroll vane, Hs height of the scroll vane, h shaft angle.
The differential of the volume to the shaft rotation angle is
expressed as:
dV
dh
¼ PtðPt  2tÞHs ð2Þ3.2.2. Ideal-gas state equations
The scroll expander is driven by the compressed air and the air
is regarded as ideal gas. The ideal-gas law could be used in the pro-
cess of modelling.
pV ¼ mRT ð3Þ
where p is pressure, m air mass in the chamber, R gas constant, T
temperature, respectively.
Other thermodynamic equations used in the modelling are
shown below:
U ¼ mcVT
h ¼ cpT
R ¼ cp  cV
k ¼ cp=cV
dW ¼ pdV
8>>>><
>>>:
ð4Þ
where U is the internal energy of the gas flow, cp constant pressure
specific heat, cv constant volume specific heat, R gas constant, h
specific enthalpy, k ratio of cp and cv, W expansion power.
3.2.3. Mass balance equations
A chamber is taken as the control volume (the jth chamber).
There are gas leakages from the upper chamber to the next cham-
ber through the scroll flank and radial sections. The mass conserva-
tion of the control volume can be expressed as follows [20,21]:
dm
dh
¼ dmini
dh
 dmouti
dh
ð5Þ
where m is the gas mass in the control volume, min leakage mass
from the upper chamber and mout the mass leakage to the next one.
3.2.4. Energy balance equations
Based on the energy conservation, the energy balance of the
control volume is expressed as follows where the kinetic and
potential energy of the flow is neglected [1].
Table 3
Parameters of the studied scroll expander.
Item Parameter Value
Radius of the basic circle a (m) 4.138  103
Initial angle of the involute c () 31.154
Expansion starting angle hs () 131.015
Expansion ending angle hd () 720
Scroll vane height h (m) 4.65  102
Distance between the two basic circles’ centers r (m) 8.5  103
Radial clearance Cr (m) 6.0  105
Axial clearance Ca (m) 6.0  105
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dt
¼ dQ
dt
 dW
dt
þ hini dminidt  houti
dmouti
dt
ð6Þ
where h =xt, U = mCvT, then the equation could be transformed into
dT
dh
¼ 1
mCv
dQ
dh
 dW
dh
þ hin dmindh  hout
dmout
dh
 u dm
dh
 
ð7Þ
where cv is constant volume specific heat, Q the heat transfer
through the walls of the control volume, W the output power of
the expander, hin and hout the inlet and outlet specific enthalpies
of the control volume, u internal energy of the control mass.
3.2.5. Leakage equations
As discussed above, there are two types of leakage: flank leak-
age and radial leakage, respectively. The leakage mass can be sim-
ulated by the transient flowmodel going through a narrow channel
[1,3].
The channel flow is assumed to be steady and adiabatic with
ideal gas, and the potential difference before and after the channel
is neglected. The velocity after the channel is calculated from the
energy conservation equation.
uII ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2ðhI  hIIÞ
q
ð8Þ
where the hI and hII are the specific enthalpies before and after the
channel, and subscripts I and II represent the channel inlet and
outlet.
The mass flow is expressed as
dm
dt
¼ qIIAuII ð9Þ
where qII is the air density after the channel, A the channel area.
Combining Eqs. (8) and (9), the flowrate through the channel
can be expressed as shown below.
dm
dt ¼qIIA
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2ðhIhIIÞ
p
¼qIIA
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2CpðTITIIÞ
p ¼qIIA 2 jRj1TI 1 TIITI
  1
2
¼A ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ2PIqIp
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
j
j1
PII
PI
 2
j PIIPI
 jþ1
j
 s
¼A ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ2PIqIp w
ð10Þ
where j is the specific heat ratio, R gas constant, P gas pressure.
Take the parameters of the flank and radial clearances and
ration speed into Eq. (10), the mass flow leakages could be calcu-
lated by the following two equations.
dma;j
dh
¼ f a
CaLa;jðhÞ
x
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2pjðhÞ  qjðhÞ
q 
w ð11Þ
dmr;j
dh
¼ f r
2CrHs
x
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2pjðhÞ  qjðhÞ
q 
w ð12Þ
where f is the gas flow coefficient and it equals 1 in the simulation
[1,3], C the clearance of the leakage section, L the length of the leak-
age channel, x the ration angle speed. w is the flow function based
on the gas flow state, which could be calculated by one of the fol-
lowing two equations. The subscript j stands for the jth chamber,
a radial leakage, r the flank leakage.
When pjþ1ðhÞpjðhÞ P
2
kþ1
  k
k1, it is subsonic flow and then,
w ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
k
k 1
pjþ1ðhÞ
pjðhÞ
 !2
k
 pjþ1ðhÞ
pjðhÞ
 !kþ1
k
2
4
3
5
vuuut ð13Þ
When pjþ1ðhÞpjðhÞ <
2
kþ1
  k
k1, it is supersonic flow and then,w ¼ 2
kþ 1
  1
k1
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
k
kþ 1
s
ð14Þ
The leakage length from jth to (j + 1)th chamber is given as
below [21].
La;jðhÞ ¼ Ptð2pjþ hÞ ð15Þ
where Pt is the scroll pitch, j is in the range of 0 6 j 6 N  1.
3.2.6. Heat transfer equations
The heat transfer happens in two ways: heat conduction and
heat convection, respectively. The heat through the boundary of
the control volume is presented as below [22].
dQ
dh
¼ KSDT
x
ð16Þ
1
K
¼ 1
a1
þ t
k
þ 1
a2
ð17Þ
where K is the heat transfer coefficient, a heat convection coeffi-
cient, k heat conductivity, S the heat transfer area in radial direction,
its projection length could be regarded as the radial leakage length.
Thus,
S ¼ La;jðhÞ  Hs ð18Þ
The coefficient of heat convection is calculated by the following
equation which is taken from the Dittus-Boelter equation of nozzle
turbulence flow [22,23].
a ¼ 0:023 k
D
uhD
m
 0:8
Prn ð19Þ
where D is the characteristic size, Pr Prandtl number, m dynamic vis-
cosity. When the wall is to heat up the control volume, n equals 0.4,
otherwise n equals 0.3.
3.2.7. Power output
The shaft power output of the expander is calculated by the fol-
lowing equation [1].
PW ¼ gm
n
120
X
ðViþ1 þ ViÞðpiþ1  piÞ ð20Þ
where n is the rotation speed, gm mechanical efficiency, subscript i
element time of the calculation.
3.2.8. Volumetric and isentropic efficiencies
The volumetric efficiency is used to evaluate the leakage effect,
which is the ratio of the ideal mass flow to the real the mass flow.
gv ¼
qmi
qma
ð21Þ
where gv is the volumetric efficiency, qmi the ideal mass flow, qma
the real mass flow. The ideal mass flow was calculated by the first
chamber under the inlet conditions without consideration of the
leakages.
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Fig. 7. volumetric and isentropic efficiencies as a function of rotation speed (inlet
pressure 0.5 MPa).
Fig. 8. The working volume as a function of the rotation angle.
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the following equation,
gam ¼
PW
Pair
ð22Þ
where PW is the shaft power, Pair the ideal power generation of the
compressed air through an isentropic expansion process.
4. Results and discussion
The parameters of the studied scroll expander are given in
Table 3. The scroll vanes are produced from a circle involute.
Both experiment (exp) and simulation (sim) results under dif-
ferent inlet pressure are shown in Fig. 6. One could see that the
simulation results agree well with the experimental results. The
simulation flowrate error is less than 6%, and the power error is
less than 15%. The flowrate is in the range of 63.2–161.6 kg/h
and the power output is in the range of 0.24–1.2 kW according to
the experimental results. Both flowrate and power output increase
with the rotation speed increment under different inlet pressures
(0.4 MPa, 0.5 MPa and 0.7 MPa). This is because there would be a
strong leakage effect from the upper chamber to the next when
the rotation speed is low, which does not expand sufficiently in
the upper chamber and also disturbs the air expansion ability com-
pared with the ideal non-leakage state. It also reveals that flowrate
and power increase when the inlet pressure increases. Take the
case at 1000 rpm as an example, the flowrate and power output
are 95 kg/h and 0.71 kW under inlet pressure of 0.4 MPa,
102.8 kg/h and 0.85 kW under inlet pressure 0.5 MPa, and
161.6 kg/h and 1.2 kW under inlet pressure 0.7 MPa.
Fig. 7 shows the volumetric and isentropic efficiencies of the
scroll expander under inlet pressure 0.5 MPa. One could see that
both efficiencies increase along with the rotation speed. They are
44.2% and 30.5% at 1200 rpm, respectively. The main reason is that
when the speed increased, the leakage time for the same amount of
air flow reduces. Thus, the volumetric and isentropic efficiencies
increase.
Figs. 8–10 show the simulation results of scroll expander work-
ing volume, the air mass of the working volume and the pressure
change of the working volume with the rotation angle when the
inlet pressure is 0.5 MPa and rotation speed is 1000 rpm. It shows
that the working volume increases monotonically with rotation
angle in Fig. 8. Fig. 9 shows the air mass in the control volume at
different rotation angle. It can be divided into three phases regard-
ing the curve shape in Fig. 9, they are first chamber with high pres-
sure, second chamber, and the exhaust chamber. One could see
that the air mass decreases sharply at the beginning (in the first
chamber), then starts increasing at around 230 rotation angle,
and it tends to decrease again at around 550 rotation angle untilFig. 6. Flowrate and power output as a function of the rotation speed.
Fig. 9. The working volume air mass as a function of the rotation angle.the expansion process finishes. This phenomenon can be explained
with Fig. 10. In Fig. 10, the pressure in the chamber is shown as a
function of the rotation angle. In the first chamber, the air pressure
is high, and the pressure difference between the first chamber and
the second chamber is large causing a strong leakage through
radial and flank clearances. A relatively large amount of air is
leaked to the second chamber, thus the air mass increased and
its pressure decreases slowly in the next chamber during the
expansion process. Take the second chamber as the object one, it
Fig. 10. The working volume pressure as a function of the rotation angle.
X. Zhang et al. / Applied Energy 186 (2017) 347–358 353receives the leaked air from the upper one and also leaks air to the
next one. But the pressure difference between this chamber and
the exhaust one is lower, thus the air leaked out is not as much
as the air leaked into this chamber. It has a little effect of the leak-
age at the end of the expansion process because of the small pres-
sure difference between the chamber and the ambience. Its mass
and pressure tend to level off.
From Fig. 10, one could notice that when the expander starts
discharging, the outlet pressure is somewhat higher than the ambi-
ent pressure, which indicates the compressed air is not expanding
completely inside the expander. The pressure match of a certain
scroll expander would be discussed in the next section.5. Optimization analysis
5.1. Pressure ratio optimization analysis
Generally, there are three types of expansion process depending
on the inlet air pressure once the expander is designed. They are (i)
normal expansion, of which the outlet air pressure is almost simi-
lar to the ambient pressure (Fig. 11(a)); (ii) deficient expansion, of
which the discharging air pressure is higher than the ambient pres-
sure, thus the energy of the compressed air is not fully extracted
(Fig. 11(b)); (iii) over expansion, of which the inlet pressure is
smaller than a certain value then the final outlet air pressure is
below the ambient pressure, thus it would cause reverse flow dur-
ing discharging process (Fig. 11(c)). In Fig. 11, e⁄ is the real pressure
ratio, e the designed pressure ratio, Ph the inlet pressure, Pa the
ambience pressure, Px expansion end pressure, A–B gas inlet pro-
cess, B–C expansion process, C–D–E exhaust process. The pressure
ratio is regarded as the inlet pressure divided by the ambience
pressure.Fig. 11. Three types ofBased on the illustration in Fig. 11, the ideal expansion effi-
ciency could be expressed as Eq. (23). The denominator is the max-
imum energy in the compressed air, and the numerator is the
energy extracted from the compressed air through the ideal expan-
sion process.
gs ¼
phVB þmhðuB  uCÞ  paVC
mhðhB  hD0 Þ
ð23Þ
where mh is the inlet air quality in the first chamber of the studied
expander without air leakage, uB the specific internal energy of the
inlet air, uC the specific internal energy of the air after expansion, pa
the ambient pressure, hD0 the specific enthalpy of the air at the
ambient pressure of pa.
According to Eq. (23), the thermal efficiency of the ideal expan-
sion through a scroll expander can be simulated as shown in
Fig. 12. One could see that once the scroll expander is designed,
there is a certain pressure ratio that makes the expander work at
a high efficiency level. Regarding the studied expander, the optimal
pressure ratio is around 4 as shown in Fig. 12.
Based on the above analysis, the working performance of the
studied scroll expander is examined under various inlet pressures.
The pressure ratio is in the range of 1.5–10, and rotation speed in
the range of 500–5000 rpm. Fig. 13 shows the flowrate as a func-
tion of pressure ratio under various rotation speeds. One could
see that the flowrate increases monotonically with the pressure
ratio. The higher the speed is, the more flowrate it has.
Fig. 14 shows the power output as a function of the pressure
ratio under various rotation speeds. Under the studied conditions,
the power output is in a large range of several watts to almost
10 kW. The power output increases with pressure ratio, and the
rotation speed as well. It also can be seen that the curve slope
changed obviously when the pressure ratio is about 3.5–4. That
is because below that range it is over expansion process, the power
output grows quickly with the inlet pressure. It reaches the defi-
cient expansion process above that range, and the internal energy
of compressed air is not fully extracted. Fig. 15 shows the specific
energy output as a function of the pressure ratio under various
rotation speeds. When the pressure ratio is less than 4 roughly,
the specific energy rises with the pressure ratio, which means
more energy is extracted from the compressed air. The curves
are almost levelled off when the pressure ratio is larger than 4.
Although the fluid’s internal energy, flowrate and power output
increase, the specific energy does not increase with the pressure
ratio. The figure also shows that the flow produces more specific
energy with a higher rotation speed at the same pressure ratio.
Fig. 16 shows the volumetric efficiency as a function of the pres-
sure ratio under various rotation speeds. At a certain speed (less
than 3000 rpm in Fig. 16), the volumetric efficiency decreases
slightly when expander is under deficient expansion, and then it
levels off with the pressure ratio. Also shown in Fig. 16, the higherexpansion process.
Fig. 17. Isentropic efficiency as a function of the pressure ratio.
Fig. 12. Isentropic efficiency of ideal expansion process under various pressure
ratio.
Fig. 15. Specific energy output as a function of pressure ratio.
Fig. 14. Power output as a function of pressure ratio.
Fig. 16. Volumetric efficiency as a function of pressure ratio.
Fig. 13. Flowrate as a function of pressure ratio.
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is relatively high.
Fig. 17 shows the isentropic efficiency as a function of the pres-
sure ratio under various rotation speeds. Similar to Fig. 12, at each
rotation speed, the efficiency increases at first to a peak point in
the pressure ratio range of 3–4. It tends to decrease when the pres-
sure ratio continues increasing. The expander works at around
‘‘normal expansion” state as the pressure ratio within the range
of 3–4. One could see that the peak point moves to the larger pres-
sure ratio with the rotation speed. The reason is that at low speed,
there exists strong leakage effect, and relatively more air leaks to
the next chamber, which also joins the air in that chamber to
expand and generate some power. As shown in Figs. 9 and 10, this
can also make up the ideal pressure decrease in that chamber com-
pared with that of no leakage receiving. In Fig. 17, it also revealsthe expander works at a higher isentropic efficiency under a higher
rotation speed when the pressure ratio is around the optimal value
or above it.5.2. Inlet temperature effect
The scroll expander is usually integrated into the low and mod-
erate grade energy utilization (up to around 350 C). In this section,
the air inlet temperature is considered to reveal its effect on the
expander’s performance, and the studied temperature range is
from 300 K to 800 K with the rotation speed of 1000–3000 rpm.
The optimal pressure ratio is in the range of 3–4 as indicated in
Fig. 17. In this section, the pressure ratio is set to be 4 in order to
avoid any over expansion.
Fig. 18. Flowrate as a function of inlet temperature.
Fig. 19. Power output as a function of inlet temperature.
Fig. 20. Specific energy as a function of inlet temperature.
Fig. 21. Volumetric efficiency as a function of inlet temperature.
Fig. 22. Isentropic efficiency as a function of inlet temperature.
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with different rotation speed. It shows that the flowrate is in the
range of 37.2–134.1 kg/h. The flowrate decreases with the temper-
ature increment at a certain speed, and the flowrate also increases
with the rotation speed at the same inlet temperature. The reason
is that the air density decreases when increasing the temperature.
Thus the air mass for each cycle of the volumetric expander is
reduced, which results in less flowrate.
Fig. 19 shows the power output as a function of the inlet tem-
perature with different rotation speeds. It can be seen that the
power output is in the range of 0.71–2.25 kW, and with a certain
speed the power output is almost stable, which means the air inlet
temperature generates almost no effect on the power output for a
volumetric expander. As the power output is almost stable and the
flowrate decreases, the specific power increases along with the
inlet temperature increase as shown in Fig. 20.
Fig. 21 shows the volumetric efficiency as a function of the inlet
temperature with different rotation speeds. The efficiency
decreases monotonically when increasing temperature with a
same rotation speed. And the efficiency increases with the speed
at a same temperature. From Eqs. (11) and (12), one can see that
when the density decreases, the air leakage decreases as well,
which is proportional to the square root of the density, while the
air mass flowrate is proportional to the density itself. Thus the ratio
of the air leakage to the mass flowrate increases, which results in
the volumetric efficiency reduction.
Fig. 22 shows the isentropic efficiency as a function of the inlet
temperature with different rotation speeds. One could see that the
efficiency decreases from 61.4% to 48.6% at 3000 rpm and 35.9% to
25.8% at 1000 rpm when the temperature rises from 300 K to
800 K, although theoretically the expander isentropic efficiency isalmost constant with various inlet temperature as revealed in
Ref. [24]. It is mainly because of the volumetric efficiency reduction
as shown in Fig. 21. The isentropic efficiency is greater under the
same inlet temperature with a higher rotation speed.5.3. Clearance effect
In Section 5.1, we can see that the air leakage between two
adjacent chambers has a significant impact on the expander per-
formance. In this section, various clearance sizes are introduced
to examine the effect.
As indicated in Section 5.1, the pressure ratio is also set to 4 in
order to avoid any over expansion. It is recommended that the
clearance size is around 0.02 mm [22]. In this study, both radial
Fig. 23. Flowrate as a function of the clearance.
Fig. 24. Power output as a function of the clearance.
Fig. 25. Specific energy output as a function of the clearance.
Fig. 26. Volumetric efficiency as a function of the clearance.
Fig. 27. Isentropic efficiency as a function of the clearance.
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the rotation speed of 1000–3000 rpm.
Fig. 23 shows the flowrate as a function of the clearance with
different rotation speed. It shows that the flowrate is in the range
of 34.5–161.7 kg/h. The flowrate increases with the clearance at a
certain speed, and the increment is about 65 kg/h when the radial
and flank clearance increases from 0.005 to 0.1 mm. The flowrate
also increases with the rotation speed at the same clearance size.
Fig. 24 shows the power output as a function of the clearance
with different rotation speeds. It can be seen that the power output
is in the range of 0.71–2.41 kW, and with a certain speed the power
output increases slightly at first and decreases, and then it tends to
level off. A dash line is illustrated in Fig. 24 to connect the peak
power output point of the three curves. It indicates the clearance
size increases for the peak power output when the rotation speed
increases. The expander generates more power with a higher speed
at the same clearance. As discussed in Fig. 17, when the clearance
increases, more leakage is going into the next chamber, and it also
induces more air to the expander raising the flowrate as shown in
Fig. 23. The leaked air also helps generate power in the next cham-
ber. However, the specific energy of the flow decreases as shown in
Fig. 25. It declines slightly when the clearance is around small val-
ues, then it drops much. That is because when the clearance
becomes larger, the more leakage flow would disturb the normal
flow causing specific energy generation abatement.
Fig. 26 shows the volumetric efficiency as a function of the
clearance with different rotation speeds. The efficiency decreases
monotonically from 90.2% to 30.9% with the clearance size. And
the efficiency increases with the speed at a same clearance.
Fig. 27 shows the isentropic efficiency as a function of the clear-
ance with different rotation speeds. One could see that the effi-
ciency decreases from 80% to 23% at 1000 rpm and 82.3% to
48.9% at 3000 rpm when the clearance rises from 0.005 mm to
0.1 mm. The efficiency is greater under the same clearance with
a higher rotation speed.And in order to get a high isentropic efficiency, it would require
as small clearance as possible. But taking the power output
(Fig. 24) and manufacture convenience into consideration, it would
be favourable if the clearance is no more than 0.06 mm.
5.4. Scroll vane height to pitch ratio effect
The scroll vane height would influence the flow passage cut
area, the chamber volume, the flank clearance, the radial clearance
to the vane height ratio and the manufacture feasibility. Generally,
the scroll vane height is determined by a parameter n which refers
to the ratio of vane height to scroll pitch (Hs/Pt, Fig. 3). The param-
eter n is usually in the range of 1–2.5 [22]. In this section, the sim-
ulation study is carried out under various n values. It is assumed
that the pitch is constant. The pressure ratio is set to be 4, and
the rotation speed is 1000 rpm, 2000 rpm and 3000 rpm.
Fig. 28 shows the flowrate as a function of height to pitch ratio
(n) at different rotation speeds. The flowrate is from 51.8 to
177.4 kg/h under the studied conditions. It reveals that the flow-
rate increases monotonically with n at a certain rotation speed,
Fig. 29. Power output as a function of the scroll vane height to pitch ratio.
Fig. 30. Specific energy output as a function of the scroll vane height to pitch ratio.
Fig. 31. Volumetric efficiency as a function of height to pitch ratio.
Fig. 32. Isentropic efficiency as a function of height to pitch ratio.
Fig. 28. Flowrate as a function of scroll vane height to pitch ratio.
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shows the power output as a function of n at different ration
speeds. It shows a similar trend with the flowrate in Fig. 28.
Fig. 30 shows the specific energy output as a function of the scroll
vane height to pitch ratio, in which it also upturns with the ratio,
but the increasing trend tends to level off. It is assumed that the
pitch is constant. When increasing the ratio, the flow cut area
and the chamber volume are increased. Hence, the flowrate
increases, and the power output increase as well. Fig. 31 shows
that the volumetric efficiency increases, which means relatively
less air leaks to the next chamber. The compressed air could
expand more sufficiently, and also less air leaks to the next cham-
ber causing less disturbance. Thus, the specific energy output
increases as shown in Fig. 30.
Fig. 31 shows the volumetric efficiency as a function of n with
different rotation speeds. Under the studied conditions, the volu-
metric efficiency is among 33.5% to 73.5%. One can see that the vol-
umetric efficiency increases with the value of n at a certain speed,which reveals relatively less air leakage going through the clear-
ances. Although the flank clearance increases with vane height,
the efficiency grows as well. It can be calculated from Eqs. (11)
and (12) that the radial clearance has a large leakage area, which
leads to more air leakage. That means the radial leakage has a
greater effect on the volumetric efficiency. When increasing the
vane height, the radial clearance to the vane height ratio decreases,
so that the radial leakage affects the main passage flow in a rela-
tively less scale, which leads to the increasing volumetric effi-
ciency. Fig. 31 also explains the increase trend of the specific
energy output.
Fig. 32 shows the isentropic efficiency as a function of n at dif-
ferent rotation speed. It is in the range of 28.2–66.2% under studied
conditions with a similar trend of volumetric efficiency in Fig. 31.
One can see that the isentropic efficiency increases with the value
of n at a certain speed. The growth rate is over 13% when n
increased from 1 to 2.5 with the same speed of the studied condi-
tions. Since the radial leakage does not have a significant impact on
the main flow, the compressed air could expand relatively closer to
the ideal value. Also the next chamber will not be disturbed
too much by the leakage. As a consequence, the isentropic
efficiency increases along with the increase of the vane height to
pitch ratio.
6. Conclusion
A scroll expander is studied through both experiment and sim-
ulation work and the simulated and experimental results are in a
good agreement. Based on the simulation method, an optimization
analysis is further conducted in respect of the working pressure
ratio, air inlet temperature, clearance size and scroll vane height
to pitch ratio.
It is concluded as follows:
358 X. Zhang et al. / Applied Energy 186 (2017) 347–358(1) A scroll expander model is developed and it is validated by
the experiment. The modelling can be used to analyse the
scroll expander performance. The expander’s internal
parameters as functions of the rotation angle are obtained.
The flow process and its loss mechanism are elaborated.
(2) There would be an optimal pressure ratio under which the
expander works with high efficiency. The optimal pressure
ratio also varies in a small range with different rotation
speeds. For the studied scroll expander, the optimal pressure
ratio is in the range of 3–4. The flowrate and power output
increase with the pressure ratio, and the volumetric effi-
ciency almost stays stable under same speed.
(3) The temperature has almost no influence on the power out-
put of the expander, while the flowrate decreases and the
specific energy increases with the air inlet temperature
increment. However, the volumetric efficiency and isen-
tropic efficiency decrease with the temperature.
(4) The clearance size (radial and flank clearances) has a signif-
icant impact on the expander performance. When the clear-
ance rises, the flowrate increases moronically, the power
output first increases and then decreases slightly and then
almost levels off, and the volumetric and isentropic efficien-
cies decrease. It would be favourable if the clearance is no
more than 0.06 mm.
(5) When the scroll vane height to pitch ratio grows, the flow-
rate and power output increase monotonically, and the vol-
umetric and isentropic efficiency upturns in a relatively slow
trend.
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